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Abstract 
An investigation was carried out to analyse numerically heat transfer and flow characteristics of water 
through a circular tube induced with different twisted tapes. The aim is to know which of the tube designs 
gives the best performance when compared with a plain tube. Turbulent flow was considered, the walls of 
the tubes were under uniform wall heat flux, Reynolds number was between 5000 and 20000, and RNG κ-ε 
model was selected for the simulations. The shape of cuts on the tapes has effects on the performance of the 
induced tubes. The tube fitted with alternate-axis triangular cut twisted tape has the best performance as its 
Nusselt number and friction factor are 1.63 – 2.18 and 2.60 – 3.15 times respectively that of the tube fitted 
with plain twisted tape while its thermal performance factor is 1.35 – 1.43 times that of the tube with plain 
twisted tape. New correlations were developed for the Nusselt number and friction factors, and reveal that 
the Nusselt number obtained from the new correlation agrees well with the correlation proposed by 
Thianpong et al. with a discrepancy of 2.21%. For the friction factor, the discrepancy is 3.01%.   
Keywords: Turbulent flow, Heat transfer, Flow characteristics, Numerical simulation 
 
1. Introduction 
Thermal energy is utilized in industrial and domestic activities such as in food processing plants, thermal 
power plants, air conditioning equipment, etc. In all these applications, there is a quest for effective 
utilization and conservation of thermal energy. The production of these heat exchangers involves huge 
investments for capital and operation costs [1-3]. In view of the need to reduce the financial resources spent 
on producing thermal energy, it has become important to devise heat exchanger that is more efficient in 
performance [4, 5] and also save cost and energy [6, 7]. To achieve this, enhancement of heat transfer 
becomes applicable and important. 
The use of twisted- tape to enhance heat transfer has some benefits that has made its technology a reliable 
technique. These benefits are its easy installation, low cost and low maintenance [4, 8]. The resistance to 
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heat flow in a heat exchanger is broken by the disturbance introduced to the flow by the twisted-tape and 
therefore allow more heat to be transferred [3, 9, 10]. The enhancement of heat transfer in a tube fitted with 
twisted-tape is attributed to the reduction in hydraulic diameter, the secondary motion generated by the 
twisted tape, and the partitioning and blockage of the tube cross section by the tape [11]. 
Numerous experimental and numerical investigations have been carried out by various researchers to study 
the turbulent heat transfer and fluid flow through different tube designs. The investigations which were 
conducted by Evans and Sarjant [12], Kreith and Margolis[13], Ibragimov et al. [14], and Lopina and 
Bergles [15] are some of the early works on experimental works on heat transfer enhancement in turbulent 
flow in tubes induced with twisted tape. An enhancement of up to 50% above that in the plain tube was 
obtained in all these investigations. Date [16] presented one of the early researches on numerical study of 
heat transfer enhancement of turbulent flow through tubes induced with twisted tapes and observed that the 
heat transfer in the induced tube was higher than that in the plain tube. 
Kumar and Prasad [17] discovered experimentally that the heat transfer in a solar water heater with a twisted 
tape can be increased  by  between 18% and 70% when compared with solar water heater without twisted 
tape. His report also indicated that the pressure drop can be increased by between 87% and 132% compared 
to plain solar water heater operating within the same conditions.  
Heat transfer enhancement produced by serrated twisted tape was found to be about 1.25 – 1.67 times that in 
the tube fitted with smooth twisted tape and 2.5 – 4.8 times that in the plain tube. These were the results of 
experimental study conducted by Chang et al. [18] in their work on turbulent heat transfer and pressure drop 
in tube fitted with serrated twisted tape. 
Eiamsa-ard et al. [19] investigated numerically the effect which the  clearance ratio in a tube induced with 
twisted tape insert has on the Nusselt number and thermal performance factor. The simulation was conducted 
in the turbulent regime for the Reynolds number ranging from 3000 to 10000. Their findings showed that the 
tube design with the least clearance provided the best thermal performance.  
Murugesan et al. [20] discussed experimentally heat transfer and pressure drop characteristics of turbulent 
flow with Reynolds number in the range of 2000 to 12000 in a circular tube fitted with trapezoidal-cut 
twisted tape insert. Their results showed that there was an increase in heat transfer coefficient and friction 
factor for the tape with trapezoidal-cut. Depending on the twist ratio of the tape, the Nusselt number for the 
trapezoidal-cut twisted tape was 1.72 to 2.85 times that of the plain tube.  
Experimental investigation on heat transfer and friction factor of a double pipe heat exchanger fitted with 
plain twisted tube and square-cut twisted-tapes for twist ratios 2.0, 4.4 and 6.0 with water as working fluid 
was conducted by  Murusegan et al. [21]. The Nusselt number for the tube induced with square-cut twisted 
tape of twist ratios 2.0, 4.4 and 6.0 were 1.08, 1.067 and 1.055 respectively times those induced with plain 
twisted tape. Their friction factors were 1.09, 1.12 and 1.15 respectively times of those for the tube with 
plain twisted-tape insert. 
Cui and Tian [22] investigated experimentally and numerically the heat transfer characteristics and pressure 
drop in a circular tube induced with edgefold-twisted-tape inserts and with classic spiral-twisted-tape inserts 
of the same twist ratio. The results indicated that the Nusselt number and friction factor of the tube with 
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edgefold-twisted-tape inserts were 1.04 to 1.09 times and 1.087 to 1.74 times respectively that of the spiral-
twisted-tape inserts. 
Through the numerical study carried out by  Guo et al. [23], they observed that centre-cleared twisted tape is 
a promising technique for heat transfer enhancement. Their results revealed that the thermal performance of 
a tube with centre-cleared twisted tape has an improvement over that of a plain tube, and that the thermal 
performance of the tube with centre-cleared twisted tape can be enhanced by 7% - 20% compared with those 
with plain twisted tape. 
The numerical analysis of heat and fluid flow through a round tube fitted individually with triple or 
quadruple twisted tapes of different clearance was investigated by Zhang et al. [24]. The results showed the 
Nusselt number of the tube with triple twisted tape and quadruple twisted tape has a maximum increase of 
171% and 182% respectively over that of the plain tube.  In addition, the friction factors of the tube fitted 
with triple twisted tape and quadruple twisted tape are around 4.06 - 7.02 times that of the plain tube. 
In the work of Salman et al. [25], it was discovered numerically that heat transfer in a plain tube can be 
enhanced by fitting an alternate-axis twisted tape or a plain twisted tape into the plain tube. 
Chokphoemphun et al. [26] investigated experimentally the heat transfer and pressure loss characteristics for 
a turbulent flow by using single, double, triple and quadruple twisted tape inserts in a round tube having a 
wall subjected to uniform heat flux. The results indicated that the Nusselt number and friction factor for the 
inserted tubes are in a range of 1.15 - 2.12 times and 1.9 - 4.1 times respectively that for the plain tube. 
The effect of tape insert on the heat transfer and the pressure drop through a circular tube at constant wall 
temperature was studied numerically at Reynolds number up to 600 by Rios-Iribe et al. [27]. It was found 
that the twisted tape induced a swirling flow, and consequently generated an enhancement in heat transfer. 
It is seen in the foregoing paragraphs that several efforts have been made to improve heat transfer by fitting 
modified twisted tapes inside plain tubes. The modified twisted tapes were made by making cuts on the plain 
twisted tapes. However, it is evident in the foregoing paragraphs that there has not been a report on either a 
numerical or an experimental investigation of heat transfer and fluid flow through tubes fitted with twisted 
tape with emphasis on the cuts on the twisted tapes having different geometrical shapes but equal area. 
Therefore, this gap is considered in this work. 
 
2. Model geometries 
The model geometries are made up of plain tubes induced individually with different designs of twisted tape. 
The plain tube is shown in Fig. 1(a) and has dimensions of length () of 1000mm and internal diameter () 
of 19mm. The different model geometries used, as presented in Fig. 1(a - h), are plain tube (PT), tube with 
plain twisted tape (TPT), tube with elliptical cut twisted tape (TECT), tube with circular cut twisted tape 
(TCCT), tube with triangular cut twisted tape (TTCT), tube with alternate-axis elliptical cut twisted tape 
(TAECT), tube with alternate-axis circular cut twisted tape (TACCT) and tube with alternate-axis triangular 
cut twisted tape (TATCT). The tubes are sliced so that the tapes inside them can be seen.                       
The three geometrical shapes chosen as the cuts on the tapes are ellipse, circle, and triangle. Although the 
cuts have different geometrical shapes, they have the same area () of 56.54. The geometrical 
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configuration of the plain twisted tape, as depicted in Fig. 1(i), are width (), thickness () and pitch () of 
18mm, 1mm and 54mm respectively. The twist ratio (	 ⁄ ) is 3. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Model geometries for (a) PT, (b) TPT, (c) TECT, (d) TCCT, (e) TTCT, (f) TAECT, (g) TACCT, 
(h) TATCT and (i) configuration of plain twisted tape.  
                     
3. Governing equations 
The working fluid is assumed to be steady and incompressible, and the thermal radiation, chemical reaction 
and compression work are negligible. The heat transfer is governed by the Navier-Stokes equations of 
continuity, momentum and energy. Reynolds Averaged Navier-Stokes (RANS) equations are employed to 
render the Navier-Stokes equations tractable. Mathematical modelling involves numerical solutions of the 
mass, momentum and energy conservation equations. Based on above assumptions, the governing 
differential equations are used to describe the heat transfer and fluid flow in the tube. In the following RANS 
equations, the solution variables represent the time-averaged quantities. The RANS equations [28, 29] are 
expressed in tensor form as 
mass conservation equation:  

  = 0 (1) 
                 
 
              
 
 
(a) (b) 
(c) (d) 
(e) (f) 
(g) (h) 
(i) 
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time-averaged energy equation: 
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The effective thermal conductivity (#$$) is expressed as 
#$$ =   %& '(' (4)
Three different turbulence models were used and their performances were compared. These models are 
briefly discussed below. 
 Standard  )  * model 3.1.
The standard )  * model [30] is a two-equation turbulence model. The turbulent kinetic energy ()) is 
derived from an exact equation by assuming that the effect of the molecular viscosity of the flow is 
negligible while the turbulence dissipation rate (*) is obtained by employing physical reasoning [29]. The 
transport equations [29] for the standard )  * model  are given as 
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In Eq. (6), the turbulent dynamic viscosity (') is expressed as 
' = %3 )

*  (7)
and the model constants are  %21 = 1.44,   %1 = 1.92, %3 = 0.09, 	,- = 1.0  and ,1 = 1.3 [29]. 
 
 RNG )  * model 3.2.
Renormalization Group theory (RNG) )  * model [31] is also a two-equation model  and it is based on 
model transport equations for the turbulence kinetic energy ()) and its dissipation rate (*) with an additional 
source term. These equations [29] are 
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The effective dynamic viscosity (#$$) is expressed as 
#$$ =   ' (10)
and the model constants are %21 = 1.42,   %1 = 1.68, %3 = 0.0845, 	,- = 0.7194  and ,1 = 0.7194 [29]. 
 
 Standard  )  ? model 3.3.
The standard κ  ω model [32] incorporates modification of low –Reynolds-number effect. It is based on 
transport equation of turbulence kinetic energy (κ) and specific dissipation rate (ω). Its transport equations 
[29] as 
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The turbulent viscosity (') is written as 
' = )?  (13)
and the model constants are B2 = B = 0.072. 
 
4. Fluid properties and boundary conditions 
The expressions which are provided by Kays and Crawford [33] are used to determine the thermal properties 
of the working fluid. These properties are density (), specific heat capacity (	%&), thermal conductivity, () 
and viscosity () of  996.6 D E⁄ , 4179 F/D. H, 0.613 I/.H and 0.000855 J. K ⁄   respectively. 
The  RANS equations and transport equations in §3 above are subject to the following boundary conditions: 
A uniform heat flux (L), mathematically expressed in Eq. (14), is applied to the surface of  tube wall. Also, 
the wall is subjected to a no-slip condition, represented by Eq. (15). A diameter of 0.019m, a velocity (M), 
derived by Eq. (16), a temperature of 301H, and an intensity of turbulence (N) as given in Eq. (17) [29] are 
set at the inlet. The temperature at the fluid-wall interface is expressed in Eq. (18). The axial temperature and 
velocity gradients at the outlet of the domain are given in Eq. (19). At the outlet of the tube, a zero gauge 
pressure  is specified and other flow quantities are extrapolated from the domain by the solver. 
 +".O ⁄ = L   (14) 
 
P	Q	R	Q	S = 0   (15) 
 
:T = M    (16) 
 
N = 0.16:TUP.2V   (17) 
 
"$,	O ⁄ = "W,	O ⁄    (18) 
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	+".RXS = 0	;	+

.RXS = 0		   (19) 
The turbulence models were activated at a certain time t > 0 after the startup so that the flow took a little time 
to become fully turbulent. At the inflow boundary, the values of κ, ε and ω were prescribed [29] as 
) = 32 N	; 		* = %3E [⁄
)E ⁄
ℓ 	; 		? =
)2 ⁄
%32 [⁄ ℓ 
  (20) 
where ℓ = 0.07  
An enhanced wall treatment is adopted for the simulation of the turbulent flow because it will not 
significantly reduce the accuracy for wall-function meshes [28, 34].  
 
5. Numerical techniques 
The numerical simulation was carried out using Fluent 6.3 [29], a CFD software. The finite volume method 
was used to discretise the governing partial differential equations. The discretisation was carried out with 
second order upwind scheme by which the unknown quantities at the cell faces are computed through a 
Taylor series expansion [35]. As a way of incorporating the effects of pressure into the solution for the 
momentum equation, the SIMPLE (Semi Implicit Pressure Linked Equations)  algorithm [36] was used to 
couple the calculations of pressure and velocity [28], and Fluent [29] was used to obtain iterative solution of 
the equations.  
 
6. Grid independence 
Grid independence tests were conducted for the domains in order to confirm the accuracy of the numerical 
solutions. Six grids with different cells were used for each domain as given in Table 1.  
Table 1  
Grid independence study  
Domain 
  
   Grid cell 
   
PT 461178 476554 512420 614904 717388 768630 
TPT 913594 944154 1015216 1218259 1421302 1522824 
TECT 1122468 1159966 1247298 1496758 1746217 1870947 
TCCT 1214178 1254681 1349142 1618970 1888799 2023713 
TTCT 1236639 1277931 1374099 1648919 1923739 2061149 
TAECT 1486055 1535641 1651206 1981447 2311688 2476809 
TACCT 1557545 1609513 1730639 2076767 2422895 2595959 
TATCT 1255502 1658638 2515756 3018907 3522058 3773634 
 
 
Data of temperature and turbulent kinetic energy across the cross-section at the exit of each computational 
domain for :T = 20000 were obtained and depicted in Fig. 2.  
The results of the temperature for the grid independence test are shown in Fig. 2. It can be seen that any of 
the grids with cells 512420, 614904, 717388 and 768630 can be adopted for the PT (Fig. 2(a)) because the 
difference found among their results are negligible whereas the difference among the results obtained in the 
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grids with cells 461178, 476554 and 512420 are not negligible. Relying on the  pattern of the results 
obtained for the PT, any of the grids with cells 1015216, 1218259, 1421302 and 1522824 can be adopted for 
the TPT (Fig. 2(b)); any of the grids with cells 1247298, 1496758, 1746217 and 1870947 can be adopted for 
the TECT (Fig. 2(c)); any of the grids with cells 1349142, 1618970, 1888799 and 2023713 is appropriate for 
TCCT (Fig. 2(d)). 
Still relying on the pattern of the result obtained above, any of the grids with cells 1374009, 1648919, 
1923739 and 2061149 is fit for the TTCT (Fig. 2(e)); any of the grids with cells 1651206, 1981447, 2311688 
and 2476809 is suitable for the TAECT (Fig. 2(f)); the TACCT (Fig. 2(g)) can adopt any of the grids with 
cells 1730639, 2076767, 2422895 and 2595959; any of the grids with cells 2515756, 3018907, 3522058 and 
3773634 is suitable for the TATCT (Fig. 2(h)). 
Giving consideration to solution precision as well as the time for convergence, the grids with cells 512420, 
1015216, 1247298, 1349142, 1374099, 1651206, 1730639 and 2515756 were adopted for the domains PT, 
TPT, TECT, TCCT, TTCT, TAECT, TACCT and TATCT respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9 
 
 
  
  
  
  
Fig. 2. Temperature across the cross-section at the exit of (a) PT, (b) TPT, (c) TECT, (d) TCCT,  
(e) TTCT, (f) TAECT, (g) TACCT and (h) TATCT for :T = 20000 for different grids. 
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7. Validation with correlations and experiments 
In order to know the models to be selected to perform other numerical simulations, the Nusselt number 
obtained with the standard )  *, RNG )  * and standard κ  ω turbulence models for the plain tube (PT) 
and the tube induced with a plain twisted tape insert (TPT) were validated with experimental results and 
established correlations. The Nusselt number for the PT were validated with the result of Seemawute and 
Eiamsa-ard experiment [37] and Gnielinski correlation [38]. For the TPT, the validations were carried out 
with the result of Seemawute and Eiamsa-ard experiment [37], Kidd correlation [39] and Drizius et. al 
correlation [40].   
The validation results of the PT, shown in Fig. 3(a), reveal that the Nusselt number for each of the standard 
)  * and standard κ  ω models is in agreement with the Seemawute and Eiamsa-ard experimental results 
with a maximum deviation of 8.74%, but the maximum deviation for each of the standard )  * and standard 
κ  ω models is 7.67% when compared with the Gnielinski correlation. For the RNG )  * model, the 
Nusselt number agrees with the experimental results with a maximum deviation of 4.12%, but it agrees with 
the Gnielinski correlation with a maximum deviation of 6.25%.  
 
 
Fig. 3. Validation with standard κ-ε and RNG κ-ε models for (a) PT and (b) TPT. 
 
In the case of the TPT, demonstrated in Fig. 3 (b), the Nusselt number for each of the standard )  * and 
standard κ  ω models agrees with the experimental results with a maximum deviation of 8.33%. Each of 
the standard )  * and standard κ  ω  models is in agreement with the Kidd correlation and Drizius et al. 
correlation is with a maximum deviation of 10.03% and 7.16% respectively. For the RNG κ-ε model, the 
Nusselt number of the TPT has a maximum deviation of 3.89% when compared with the experimental results 
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while its agreement with the Kidd correlation and Drizius et al. correlation provides a maximum deviation of 
8.54% and 9.11% respectively. 
Based on the comparisons presented in the foregoing paragraphs, it is seen that the RNG )  *	model has an 
improved performance over the standard )  * and standard κ  ω  models, and it is more accurate than 
them. Therefore, the RNG )  * model is selected for other numerical simulations in this work. 
 
8. Computational results and discussions 
The results with respect to the flow fields, Nusselt number, friction factor and thermal performance are 
discussed in this section.  
  Flow field  8.1.
Streamlines are drawn in the flow in order to track the path which the particles of the flow follow. The 
streamlines of the domains at the same axial location 0.866m are shown in Fig. 4. An axial location of 
0.866m is considered because this location is near the exit of the domains, and  in an induced domain the 
flow across its cross-sections which have the same type of cut are the same as the flow is approaching the 
end of the domain [23]. 
Due to the absence of a twisted-tape in the PT (frame a), the concentration of the streamlines around the wall 
of the PT (frame a) is weak.  With the presence of the twisted tape insert in the TPT (frame b), swirls are 
 
    Fig. 4. Streamlines across the domain cross-section at axial location 0.866 of (a) PT, (b) TPT,  
    (c)   TECT, (d) TCCT, (e) TTCT, (f) TAECT, (g) TACCT and (h) TATCT for :T = 20000. 
 
generated and there is a uniform distribution of the streamlines. As a result of additional disturbance and 
mixing created by the cut in the TECT (frame c), the streamlines have more concentration inside the cut. 
This pattern is not the same in TCCT (frame d) in which the streamlines inside the cut is widely dispersed 
due to the periphery of the circular cut having equal distance from the centre of the cut. The streamlines in 
the TTCT (frame e) concentrate at the centre of the cut due to the edges of the triangular cuts in the TTCT 
that increase the disturbance more than that in the circular cuts of TCCT (frame d). The cut in the TAECT 
(frame f) makes the streamlines to concentrate at the centre of the cross-section while the alternate-axis 
creates additional disturbance to the flow and therefore generates dome-shaped streamlines around the wall 
(f) (h)(g)
(d)(c)
(e)
(b)(a)
12 
 
of the domain. The alternate-axis in the TACCT (frame g) also generates dome-shaped streamlines around 
the wall of the domain, but unlike in the elliptical cut (frame f), the concentration of the cut is further away 
from the centre of cut. The edge of the triangular cut in the TATCT (frame h) gives a better promotion to the 
fluid mixing than that of the circular cut (frame g) and therefore its streamline is more concentrated at the 
centre of the triangular cut  (frame h) than that of the circular cut (frame g).  
  
 Temperature contour 8.2.
The variations in the temperature at randomly-selected locations along the domain are depicted in Fig. 5. In 
the PT (Fig. 5 (A)), the contours at these locations are approximately the same. This is possibly due to the 
fact that the flow is developed at these locations. The insertion of plain twisted tape into the plain tube (Fig. 
5 (B)) makes the temperature distributions at its locations to improve over that of the PT. This is due to the 
mixing undergone by the fluid as a result of the twisted tape.  
For the TECT (Fig. 5 (C)), the temperature at the axial location  = 0.673 (frame d) is 2.71%, 2.70% and 
2.53% higher than those at its axial location  = 0.5 (frame a),  = 0.516 (frame b) and  = 0.6 
(frame c) respectively. It is observed that from the location 0.673 (frame d) to 0.7 (frame e), there is a 
drop of about 2.01% in the temperature due to absence of cut in the latter. This trend of temperature 
distribution in the TECT is also applicable to the TCCT (Fig. 5 (D)), and TTCT (Fig. 5 (E)). Due to the 
presence of cuts at the location 0.516m (frame b), the temperature is 2.11% over those in the upstream 
(frame a). The presence of the alternate axes (frame c) cause an additional disturbance to the fluid and this 
results in the generation of thermal energy [41], resulting in  3.17%  temperature rise in this region over 
those of the immediate upstream (frame b). As a result of absence of cut in the downstream region (frame e), 
its temperature reduces by 1.80% and 2.59% of those in (frame c) and (frame d) respectively. 
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Fig. 5. Contour plots of temperature for PT (A), TPT (B), TECT (C), TCCT (D), TTCT (E), TAECT (F), 
TACCT (G)  and TATCT (H) for :T = 20000	 at axial location (a) 0.5m, (b) 0.516m, (c) 0.6m, (d) 0.673m 
and (e) 0.7m. 
 
 Turbulent kinetic energy 8.3.
The effect of the various domains on the turbulent kinetic energy (TKE) at different locations in the domain 
is presented in Fig. 6. The maximum TKE in the PT (Fig. 6 (A)) occurs at its wall. The reason for this is 
that the velocity is minimum at its wall and consequently the TKE at the wall is maximum [42]. When the 
14 
 
 
 
Fig. 6. Contour plots of turbulent kinetic energy (TKE) for PT (A), TPT (B), TECT (C), TCCT (D), TTCT 
(E), TAECT (F), TACCT (G)  and TATCT (H)  for :T = 20000 at axial location (a) 0.5, (b) 0.516, (c) 
0.6, (d) 0.673 and (e) 0.7. 
 
tube is induced with plain twisted tape, Fig. 6 (B), the swirl flow of the tape makes the TKE to be a 
maximum near the tape wall and also there is 27.73% increase in the magnitude of the TKE in the TPT 
compared to that in the PT. The boundary layer which become more turbulent due to the presence of the tape 
is responsible for this [42]. In the TECT (Fig. 6 (C)), there is a cut on the tape at a location 0.637m (frame 
d), causing the TKE in this region to be 18.9%, 21.19% and 33.31% respectively higher than those in the 
15 
 
upstream regions (frames a - c). In the further downstream region (frame e), the TKE is 29.28% less than that 
in the previous region (frame d) in which there are no cuts. The changes in the values of the TKE at the 
various locations (frame a - e) in the TCCT (Fig. 6  (D)) and TTCT (Fig. 6  (E)) are approximately the same 
as those in the TECT.  
The TKE in TAECT (Fig. 6 (F)), TACCT (Fig. 6 (G)) and TATCT (Fig. 6  (H)) are 11.92%, 13.25% and 
17.07% respectively higher than those in TECT (Fig. 6 (C)), TCCT (Fig. 6   (D)) and TTCT (Fig. 6 (E)). 
This is caused by the alternate axes present in them. In the TAECT (Fig. 6 (F)), the TKE at the location 
0.516m (frame b) is 8.68% over those in the upstream (frame a) because of the presence of the cuts at the 
location 0.516m (frame b). The presence of the alternate axes (frame c) make the TKE to be 10.11% higher 
than those of the upstream (frame b). The TKE in the frame (c) reduces by 5.24% in the frame (d) and owing 
to the absence of cut on the tape in the downstream region (frame e) the TKE reduces by 8.66% in this 
region. In both the TACCT (Fig. 6 (G)) and TATCT (Fig. 6 (H)), the TKE at the location 0.516m (frame b) 
is 9.38% over those in the upstream (frame a) due to the cuts at the location of 0.516m (frame b). Moreover, 
the alternate axes at the location 0.6m (frame c) makes the TKE at this location to be 7.2% higher than those 
at the upstream (frame b). In addition, the TKE at the location 0.6m (frame c) reduces by 4.04% and 6.21% 
in the frame (d) and frame (e) respectively. 
 
  Assessment of heat transfer 8.4.
Nusselt number is used to assess the heat transfer and the average Nusselt number (J) is given [43] as  
J = 	1	] ^_.


S
P
 
  (21) 
The effect of the different twisted tape on heat transfer is shown in Fig. 7. It is evident in the Figure that as 
the Reynolds number increases, the Nusselt number also increases. This is due to the turbulent intensity that  
 
Fig. 7. Effect of different twisted tape on Nusselt number vs. Reynolds number. 
increases as the Reynolds number increases, resulting in more destruction of the boundary layer [41]. The 
Nusselt number of TPT is 1.26 – 1.52 times that of the PT. In addition, the Nusselt number of TECT, TCCT 
and TTCT are 1.38 – 1.83, 1.35 – 1.65 and 1.41 – 1.91 respectively times that of PT. The Nusselt number of 
the TAECT, TACCT and TATCT are 2.04 – 3.19, 2.00 – 3.07 and 2.07 – 3.33 respectively times that of PT.  
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The Nusselt numbers of the induced tubes are higher than those of the PT due to the presence of twisted tape 
which causes the fluid inside them to swirl with a higher velocity. As a result of better fluid mixing near the 
wall of the tube caused by the alternate points, their Nusselt numbers are higher than those with twisted tape 
whose axes do not alternate. As it has been depicted in Fig. 7, the TATCT has the highest Nusselt number. 
 
 Friction factor 8.5.
Fig. 8 shows the variation of the friction factor with Reynolds number for the different tube designs. The 
Darcy friction factor (`) is given [43] as 
` = 	 2. ∆b . .    (22) 
As it has been demonstrated in the Fig. 8, the values of the friction factor are higher at lower Reynolds 
number. This is because the momentum overcomes the viscous force of the fluid as the Reynolds number 
increases and in effect lowers the shear between the fluid and the tube wall. Also, due to the absence of swirl 
flow in the PT it has the least friction factor. Among the induced tubes, the TPT has the lowest friction factor 
 
Fig. 8. Effect of different twisted tape on friction factor vs. Reynolds number. 
because it has the least blocking effect at the tube wall aside from its least swirling flow. The friction factor 
of TPT is 4.08 – 4.15 over that of the PT and that of the TCCT is lower compared with the TECT. The 
friction factor of TECT, TCCT and TTCT are  4.53 – 4.59, 4.42 – 4.50 and 4.62 – 4.76 respectively times 
that of the PT. The additional dissipation of pressure of the fluid caused by the fluid disturbance due to the 
presence of cuts on the tapes accounts for the increase in the friction factor of the tapes with cuts over that 
without cut (TPT). For the TAECT, TACCT and TATCT, their friction factors are 10.29 – 12.66, 10.05 – 
12.37 and 10.65 – 13.11 respectively over that of the PT. The more effective fluid disturbance and additional 
mixing provided by the alternate axes is responsible for this. 
 
  Thermal performance factor  8.6.
The measure of the possibility of a twisted tape for practical applications in enhancement of heat transfer is 
referred to as the thermal performance factor (c) of the flow system, and it is mathematically defined [9, 44, 
45] as 
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c = 	 JJ& 	
`
&`
U2/E
 
  (23) 
The variation of the thermal performance factor for the different tube designs is illustrated in Fig. 9. A larger 
drop in the pressure at higher Reynolds number causes the performance factor to decrease as the Reynolds 
number increases. The trade-off between the heat transfer and pressure drop yields a promising 
 
       Fig. 9. Effect of different twisted tape on thermal performance factor vs. Reynolds number. 
 
heat transfer enhancement since the thermal performance factors are above unity. The thermal performance 
factor of TECT, TCCT and TTCT are up to 1.25, 1.23  and 1.27 respectively times that of TPT. For the 
TAECT, TACCT and TATCT, their thermal performance factors are up to 1.38, 1.32  and 1.43 respectively 
times that of TPT. For the range of the Reynolds number for which the numerical investigation was 
conducted, the TATCT has the maximum value of thermal performance factor of 1.43.  
 
9. Correlations for heat transfer and fluid flow  
New correlations were developed for the Nusselt number and friction factor of the TAECT, TACCT and 
TATCT. The correlations for the Nusselt number and friction factor are given in Eq.(24) and Eq. (25) 
respectively as   
J = 116.961  :T2.EE	(U.dEe 	fgh
P.di fh
U.i[V	   (24) 
 
` = 20.294	:TUP.V 	fgh
P.2V2 		  ⁄ ⁄   1
2.[i
 
  (25) 
Comparisons were made among the numerical results of the present work, the new correlations developed in 
the present work, and the correlations proposed by Thianpong et al. [46] for the Nusselt number (Fig. 10 (a)) 
and friction factor (Fig. 10 (b)). The Nusselt number and friction factor obtained from the correlations 
developed in the present work agree with those of their numerical results with a discrepancy of 2.52% and 
4.23% respectively. The Nusselt number obtained from the correlation of Thianpong et al. [46] is in a very 
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good agreement with those of  the correlations developed in the present work with a discrepancy of 2.21%, 
and for the friction factor it is 3.01%. 
 
 
 
Fig. 10.  Comparison between simulated and predicted results for (a) Nusselt number and (b) friction 
factor. 
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10. Conclusion 
In this study, numerical investigation was conducted on water flow through a circular tube induced with 
divers twisted tapes in order to investigate its heat transfer and flow characteristics. Reynolds number in the 
range 5000 ≤ :T	 ≤ 20000 were considered, and RNG )  * model was selected for the simulation. The 
numerical results were validated with experimental results and established correlations, and the results of the 
validation were found to be in good agreements with one another. 
It was discovered that the shape of cuts on the tapes has effects on the performance of the induced tubes, and 
that the tube with alternate-axis triangular cut twisted tape has the best performance. Its Nusselt number and 
friction factor are up to  2.18 and 3.15 respectively times that of a  tube induced with a plain twisted tape. Its  
thermal performance factor is up to 1.43 times that of the tube with a plain twisted tape. The Nusselt 
numbers of the numerical results, the novel correlations of the present work and the established correlation of 
Thianpong et al. [46] were found to have a very reasonable agreement. This was also the case for the friction 
factor. 
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 Nomenclature 
  Area () 
%21, %1	, %3 Model constant 
%& Specific heat capacity at 
constant pressure (		F D. H⁄ ) 
k Clearance between the edge of 
tape and tube 
 Diameter of tube () 
` Friction factor 
/- Generation of turbulence 
kinetic energy due to the mean 
velocity gradients 
/C Generation of specific dissipation rate 
^ Heat transfer coefficient 
(I . H⁄ ) 
N Intensity of turbulence 
 Thermal conductivity (I .H⁄ ) 
 Length of tube () 
J Nusselt number 
 Pressure (J ⁄ ) 
g Perimeter of cut on twisted 
tape () 
( Prandtl number 
L Heat flux (I ⁄ ) 
:T Reynolds number 
:1 
Term relating to the mean 
strain and turbulence 
quantities 
! Source term 
 Time (K) 
" Temperature (H) 
	,  Time averaged velocity 
component (/K) 
 
 
  Width of twisted tape () 
 Axial coordinate () 
 Pitch of twisted tape () 
 
 
Greek symbols 
91 Inverse Prandtl numbers for * 
	9- Inverse Prandtl numbers for ) 
B2,  B Model constant 
 Kronecker delta 
 Thickness of tape () 
* Dissipation rate of turbulent 
kinetic energy ( KE⁄ ) 
c Thermal performance factor 
) Turbulent kinetic energy 
( K⁄ ) 
ℓ Turbulence length scale () 
 Dynamic viscosity (D K⁄ ) 
 Density (D E⁄ ) 
,1 Prandtl numbers for * 
	,- Prandtl numbers for ) 
? Specific dissipation rate (HU2) 
  
Subscripts 
l Bulk 
T`` Effective 
` Fluid 
m Inlet 
 Mean 
g Plain tube 
 Turbulent 
 Wall 
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Nomenclature for equations 
Eq. (1)  mass conservation equation 
Eq. (2) momentum conservation equation 
Eq. (3) time-averaged energy equation 
Eq. (4) effective thermal conductivity equation 
Eq. (5) transport equation for turbulent kinetic energy  for standard )  * model 
Eq. (6) transport equation for turbulence dissipation rate  for standard )  * model 
Eq. (7) turbulent dynamic viscosity equation for standard )  * model 
Eq. (8) transport equation for turbulent kinetic energy  for RNG )  * model 
Eq. (9) transport equation for turbulence dissipation rate  for RNG )  * model 
Eq. (10) turbulent dynamic viscosity equation for RNG )  * model 
Eq. (11) transport equation for turbulent kinetic energy  for standard )  * model 
Eq. (12) transport equation for specific dissipation rate for standard )  ω model 
Eq. (13) turbulent dynamic viscosity equation for standard )  ω model 
Eq. (14) equation for heat flux 
Eq. (15) equation for velocity at the wall 
Eq. (16) equation for Reynolds number 
Eq. (17) equation for intensity of turbulence 
Eq. (18) temperature at the fluid-wall interface 
Eq. (19) axial temperature and velocity gradients at the outlet of the domain 
Eq. (20) inflow boundaries for of κ, ε and ω 
Eq. (21) equation for average Nusselt number 
Eq. (22) equation for Darcy friction factor 
Eq. (23) equation for thermal performance factor 
Eq. (24) equation for proposed correlation of Nusselt number 
Eq. (25) equation for proposed correlation of friction factor 
 
